HMGA1a, HMGA1b and HMGA2 are three small proteins (about 100 amino-acid residues) that constitute the family of nuclear phosphoproteins HMGA (previously known as HMGI, HMGY and HMGI-C, respectively). There is a special interest in these proteins because of their involvement in neoplastic transformation and gene expression regulation. [1] [2] [3] [4] HMGA1a and HMGA1b are derived from the same gene by alternative splicing while HMGA2 is the product of a different but related gene. 5, 6 The sequence of HMGA proteins contains three positively charged regions called AT-hooks, which bind DNA at the minor groove of AT-rich stretches, and a C-terminus that, on the contrary, has a high negative charge because of several glutamic acid residues. 3 In a previous paper, we investigated the change of the degree of phosphorylation of HMGA1a protein during apoptosis of leukaemic cells (HL60, K562, NB4 and U937). 7 We found that this protein, constitutively phosphorylated in proliferating cells, undergoes hyperphosphorylation at the early stages of apoptosis which is later followed by a dephosphorylation process linked to the chromatin remodelling that accompanies the formation of the apoptotic bodies.
Here, we report a study on methylation of the HMGA1a protein that parallels the change in the degree of phosphorylation during apoptosis.
Methylation of HMGA1a protein in samples obtained from apoptotic leukaemic cells is observable in mass spectra as a peak having an additional mass of about 14 Da more than the unmethylated form. 7 In Figure 1a -d, apoptosis in U937 leukaemic cells was induced by chemical (etoposide or camptothecin) or viral (HSV-1) agents and protein samples obtained by perchloric acid (PCA) extraction were analysed by liquid chromatography/mass spectrometry (LC/MS) in order to distinguish all variously modified forms of HMGA1a protein.
Results show that HMGA1a samples from control ( Figure 1a ) and apoptotic cells (Figure 1b-d ) comprise many species having a different degree of phosphorylation: 0P, 1P, 2P, 3P and 4P. 7 We emphasize that methylation of HMGA1a protein increases during apoptosis as suggested by the augmented presence of the right-hand peak having an additional mass of about 14 Da (/M). Moreover, Figure 1a -d shows that HMGA1a methylation, although related to the apoptotic process, is independent of the inducing agent, since samples obtained from cells induced to undergo apoptosis by three different procedures (etoposide, HSV-1 and camptothecin) contain high levels of methylated protein. In Figure 1e , the experimental mass values of the variously modified forms of HMGA1a protein are reported being the theoretical mass value of human HMGA1a 11 586.8 Da, according to the amino-acid sequence (i.e. 106 amino-acid residues) and assuming N-terminal acetylation at the first serine. 7 In order to demonstrate definitively that the additional mass value of about 14 Da is the result of a methylation process, an inhibition experiment was carried out using adenosine dialdehyde (AdOx), which is an inhibitor of protein methylation in vivo. As shown in Figure 1f and g, AdOx strongly reduced the level of methylation of HMGA1a protein demonstrating that the intensity increase of the 11 760.3 and 11 839.6 Da peaks is actually because of the addition of a methyl group to the diphosphorylated (11 745.371 Da) and triphosphorylated (11 825.871 Da) forms of HMGA1a protein, respectively. Interestingly, the inhibition of methyltransferase activity does not prevent apoptosis as shown by the very similar DNA fragmentation patterns obtained from untreated and AdOxtreated apoptotic cells (Figure 1h , lanes f and g, respectively). This means that methylation of HMGA1a protein is not one of the molecular events that causes apoptosis, but rather could be related to the cell death-induced chromatin remodelling.
Almost all HMGA1a in tumour cells is constituted by two forms containing, at the C-terminus of the molecule, two or three phosphorylated serines. [7] [8] [9] We demonstrated that in leukaemic cells, at the early stages of apoptosis, there is an increase of phosphorylation, and hyperphosphorylated forms can be detected having up to five phosphates or more. 7 As apoptosis proceeds, a dephosphorylation process starts and more or less overlaps with hyperphosphorylation depending on both the cell type and the method of apoptosis induction. Consequently, in a mass spectrum it is possible to observe hyperphosphorylated together with dephosphorylated HMGA1a forms. 7 In the study reported here, we followed this process using U937 cells in which hyperphosphorylation is easily observable by the increase of the tri-phosphorylated form of HMGA1a protein in comparison to the diphosphorylated form, as shown in mass spectra of the time-course of Figure 2a -e. Here, in U937 cells treated with etoposide, the tri-phosphorylated form (3P+3P/M) progressively increases as a result of the hyperphosphorylation process but, subsequently, there is a decrease in its amount. In addition, methylation progressively increases during the course of apoptosis, and continues to increase when the dephosphorylation of the tri-phosphorylated forms has begun. However, the progressive increase of dephosphorylation (note 0P peak) parallels the methylation process, and it is possible that (Figure 2g ) and electrophoretic DNA fragmentation analysis (Figure 2h ) that provided additional information on the timecourse of etoposide-induced apoptosis. In fact, Figure 2g shows that at 25 h about half of the HMGA1a protein is methylated when almost all cells are apoptotic. On the other hand, DNA analysis showed that a nucleosomal ladder is already observable at 10 h, but most of the DNA is still formed by large fragments (approximately 20-50 kbp). The amount of high molecular weight DNA fragments is progressively reduced during apoptosis and parallels both the degree of dephosphorylation and methylation of HMGA1a protein.
A detailed study has been carried out using an HPLCpurified HMGA1a sample from HL-60 apoptotic cells in order to map the methylation site. LC-MS analysis of trypticdigested HMGA1a protein produced a peptide map (manuscript in preparation). Peptide overlapping sequences showed that arginine 25, located in the first AT-hook of HMGA1a protein, is methylated during apoptosis of leukaemic cells.
Finally, we verified if methylation of HMGA1a protein during apoptosis is only restricted to apoptotic leukaemic cells or could be considered a general feature of the apoptotic process. To this end, we carried out a study on other tumour cells of both human and murine origin. Preliminary results demonstrated that the increase of methylation of arginine 25 of HMGA1a protein could be considered a general property of apoptosis induction in tumour cells (data not shown).
In conclusion, these data show that (i) HMGA1a protein is heavily mono-methylated during apoptosis of different tumour cells, (ii) mono-methylation is at arginine 25 in the first AThook, (iii) methylation parallels the dephosphorylation process of the protein. Therefore, we propose that the coupled processes of methylation/dephosphorylation found for HMGA1a protein could be regarded in the general context of the combination of three modifications, that is, phosphorylation, acetylation and methylation that influence the formation of protein complexes in regulating chromatin remodelling and gene activity.
